Phase relationships of manganese-substituted ruthenium sesquisilicide alloys have been investigated by using x-ray powder diffraction, scanning and transmission electron microscopy. A series of chimney-ladder phases Ru 1-x Mn x Si y (0.14 ≤ x ≤ 0.97, 1.584 ≤ y ≤ 
Introduction
Semiconducting ruthenium sesquisilicide (Ru 2 Si 3 ) has two allotropic phases separated by a reversible and diffusionless phase transformation approximately at 1300K [1, 2] . The high-temperature (HT) phase possesses the tetragonal Ru 2 Sn 3 -type structure, which is known as one of the chimney-ladder structures, whereas the low-temperature (LT) phase possesses the orthorhombic Ru 2 Si 3 -type structure [1, 3] . Some of the family of compounds with the chimney-ladder structures, including high manganese silicides (Mn 4 Si 7 [4] , Mn 11 Si 19 [5] , Mn 15 Si 26 [6] and so forth), are known to exhibit a high Seebeck coefficient and low thermal Since the chimney-ladder compounds are known to be electron compounds following an valence electron counting (VEC) rule [11, [14] [15] [16] , the X/M ratio of a particular binary chimney-ladder compound such as Ru 2 Si 3 is expected to be controlled by substituting some of M atoms with another transition metal element whose number of valence electrons is different from that for M atoms. For example, if some of Ru atoms belonging to group 8 of the periodic table (the group numbers in the present paper are all referred to the convention of International Union of Pure and Applied Chemistry (IUPAC)) in Ru 2 Si 3 is substituted with Re atoms belonging to group 7, the Si/(Ru+Re) ratio should change from 3/2 to stabilize the crystal structure, i.e., it should increase to compensate the decreased valence electrons.
In fact, we have recently found out that substitutions of Ru in Ru 2 Si 3 with Re stabilize the HT phase with the chimney-ladder structure to appear at low temperatures so that a series of chimney-ladder phases, Ru 1-x Re x Si y are formed over a wide composition range [13, 17] . Of interest to note is that the X/M values for these chimney-ladder phases deviate from the ideal values expected from the VEC=14 rule. The X/M values for alloys with low Re contents (x < 0.5) is larger than the ideal values (i.e., VEC > 14) while those for alloys with high Re contents (x > 0.5) is smaller than the ideal values (i.e., VEC < 14), with the interception occurring at about x = 0.5. Hence, these alloys exhibit n-and p-type semiconducting behaviors at low and high Re concentrations, respectively. Since the extent of compositional deviation from the ideal VEC=14 values is considered to correspond to the carrier concentration, the absolute values of both Seebeck coefficient and electrical resistivity increase as the extent of the deviation from the VEC=14 rule increases, i.e., as the alloy composition deviates from that corresponding to the p-n transition (x = 0.5) [18] . The occurrence of the compositional deviation from the ideal values satisfying the VEC=14 rule is considered to be closely related to the changes in atomic packing caused by the difference in atomic radius between Ru (0.134 nm) and Re (0.138 nm) [18] . These chimney-ladder phases can exist when the values of atomic packing factor are in a certain range and that these phases are destabilized once atomic packing becomes out of the range. Then, these chimney-ladder phases tend to take X/M ratios within the range of atomic packing factor, which is different from that the VEC=14 rule dictates. Thus, the compositional deviation from the ideal values satisfying the VEC=14 rule is considered to be controlled by alloying additions not only through the difference in the number of valence electrons between Ru and the substitutional element but also through the difference in atomic radius between the two.
In this perspective, it is very interesting to investigate how the compositional deviation from the ideal values occurs when some of Ru in Ru 2 Si 3 is substituted with Mn, since Mn belongs to group 7 as Re does and the atomic radius of Mn (0.126 nm) is considerably smaller than that of Ru. In the case of Mn substitutions, the composition range in which a series of chimney-ladder phases, Ru 1-x Mn x Si y are formed is expected to be very large (almost in the entire pseudobinary composition range) because of the existence of Mn 4 Si 7 , which is known to possess the chimney-ladder structure with n = 4 and m = 1 [12] .
In the present study, we investigate the phase relationships and crystal structures in Mn-substituted ruthenium sesquisilicide alloys by x-ray powder diffraction, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). We also investigate the thermoelectric properties of directionally solidified crystals of the chimney-ladder compounds in the Ru-Mn-Si system as a function of the Mn content and temperature with an expectation of further enhancing the thermoelectric properties.
Experimental procedures
Polycrystalline specimens with nominal compositions of Ru 1-x Specimens with a rectangular parallelepiped shape having approximate dimensions of 2×2×7 mm 3 were cut from these directionally solidified ingots by electric discharge machining and were used for measurements of Seebeck coefficient and electrical resistivity.
Seebeck coefficient and electrical resistivity were measured in the temperature range from 323 to 1023 K by the static dc and four-probe methods, respectively, with our ZEM-2 apparatus (ULVAC, Japan). Thermal conductivity was estimated from the values of thermal diffusivity and specific heat measured for thin-disc samples with a diameter of 8 mm and a thickness of 1 mm in the temperature range from room temperature to 1073 K by the laser flash method with our TC-7000 apparatus (ULVAC, Japan). in the (Ru,Re)Si y sesquisilicide phase [13, 17, 18] and is hardly changed significantly by annealing at 1373 K for 96 h.
X-ray diffraction analysis
X-ray diffraction patterns obtained for Ru 1-x 
TEM analysis
where R 002M and R 001Si are the distances between the transmitted spot and 002 M and 001 Si diffraction spots, respectively ( superstructure along the a-axis of a chimney-ladder structure. The details of crystal structure refinement for the phase appearing for alloys with less Mn contents will be published elsewhere [22] .
The values of the Si/M ratio (y) thus obtained for chimney-ladder phases are plotted in Fig. 7 as a function of the Mn content (x in the formula of Ru 1-x Mn x Si y ), together with the similar plot previously obtained for chimney-ladder phases in the Ru-Re-Si ternary system [13, 18] . The values of the Si/M ratio for most chimney-ladder phases in the Ru-Mn-Si system are larger than those expected from the VEC=14 rule, and they become identical to or a little smaller than those expected from the VEC=14 rule only at the high Mn contents (x ≥~0.9).
This is in contrast to what is observed for chimney-ladder phases in the Ru-Re-Si ternary system, in which the interception of the two occurs at an intermediate Re content around x=0.5. The reasons for this will be discussed later.
Phase relationships among sesquisilicide, monosilicide and Si phases are described in Sesquisilicide-monosilicide as well as sesquisilicide-Si two-phase regions are observed in wide composition ranges.
Microstructure and thermoelectric properties of directionally solidified alloys

Microstructures
Five different nominal compositions as tabulated in Table 1 were selected for crystal growth by directional solidification based on the result described in the previous section (Fig.   8 ). Contrary to the case of chimney-ladder compounds in the Ru-Re-Si system [18] , it was impossible to obtain single crystals of chimney-ladder compounds in the Ru-Mn-Si system.
However, crystal orientation analysis by the x-ray back reflection Laue method has revealed that crystals grow preferentially along the c-axis of the tetragonal chimney-ladder phases.
Microstructures observed in longitudinal sections of the grown crystals are depicted in Fig. 9 , in which the growth direction is set in parallel to the horizontal edge of figures. All the crystals exhibit virtually a sesquisilicide single-phase microstructure. The sesquisilicide phase in directionally solidified alloys also exhibits compositional variation due to the formation of many different chimney-ladder phases, as observed in the as-arcmelted samples (Fig. 2) . The compositional variations observed in these directionally solidified alloys are described with the intensity histograms in the right-hand side of Fig. 9 , which are constructed from the corresponding grey-scale SEM-BEIs on the assumption that the intensity decreases linearly with the increase in the Mn content. Although the compositional ranges for the sesquisilicide phase of the different alloys overlap with each other, the peak Mn content increases with the increase in the nominal Mn content.
Thermoelectric properties
Thermoelectric properties of the directionally solidified Ru 1-x Mn x Si y alloys were evaluated along the growth direction. Values of Seebeck coefficient for these alloys are plotted in Fig. 10 
Discussion
Crystal structure: VEC=14 rule and atomic packing
As described above, chimney-ladder compounds in the Ru-Mn-Si system also behave as electronic compounds, following the VEC=14 rule [11, [14] [15] [16] . However, these chimney-ladder compounds in the Ru-Mn-Si system do not precisely obey the VEC=14 rule, as shown in Fig. 11(a) increases with the increase in the Ru content up to x = ~0.5 ( Fig. 11(a) ). Of interest to note is that the cell volume of the M subcell v M (=a M 2 ×c M ) increases with the increase in the Ru content also up to x = ~0.5 ( Fig. 4(b) ). These indicate that these excess Si atoms are introduced to maintain the atomic packing (defined as the ratio of the volume of atoms located in the unit metal subcell to the volume of the unit metal subcell) of the chimney-ladder structure, as observed in the Ru-Re-Si system [18] . Upon further alloying Mn 4 Si 7 with Ru (0.14 ≤ x ≤~0.5), the VEC values of the experimentally observed chimney-ladder phases do not significantly change with the Ru content. In the alloy composition range, the change in the cell volume of the M subcell is not so significant when compared to that in the alloy composition range of ~0.5 ≤ x < 1) (Fig.   4(b) ). This indicates that the amount of excess Si atoms to be introduced to maintain the atomic packing factor may not be so large in the alloy composition range. These may be due to the fact that the deviation of VEC values of these chimney-ladder compounds from the ideal value (VEC=14) are in their upper limit and that the introduction of more excess Si atoms in their lattices may destabilize the chimney-ladder crystal structure.
Thermoelectric properties and deviation from VEC=14
For the chimney-ladder compounds (Ru 1-x Re x Si y ) in the Ru-Re-Si system, the Si/M ratio also deviates from that expected from the VEC=14 rules, as shown in Fig. 7 [13,18 ]. the Brillouin zone, suggesting that the carrier mobility for holes is much larger than that for electrons [19, 23] . Then, if a specimen contains both p-(Mn-rich) and n-type (Mn-poor) chimney-ladder phases, the sign of Seebeck coefficient would be positive because of the dominance of the hole contribution as indicated below [24] . 
where n and  stand for the carrier concentration and carrier mobility, respectively, and subscripts h and e denote hole and electron, respectively. As described in 3.1.1 section, the extent of the compositional variation observed in each specimen consisting of a series of chimney-ladder compounds is much larger in (Ru,Mn)Si y alloys than in (Ru,Re)Si y alloys.
This indicates that there is a high chance for many of (Ru,Mn)Si y alloys (especially in the Mn-rich compositions) to contain some chimney-ladder compounds of the p-type so as to exhibit a p-type behavior, even though the major volume fraction is occupied by those of the n-type. Then, it is reasonable that the Mn content at which the p-n transition is observed is The Mn/M, c Si /c M and Si/M ratios determined by TEM-EDS analysis and Eqs. (1) and (2) are also indicated. plotted against the Mn (Re) content [13] . [21] .
